ABSTRACT. Subsistence remains critical to indigenous people in settler-colonial states such as Australia, providing key foundations for indigenous identities and for wider state recognition. However, the drivers of contemporary subsistence are rarely fully articulated and analyzed in terms of likely changing conditions. Our interdisciplinary team combined past research experience gained from multiple sites with published literature to create two generalized qualitative models of the socio-cultural and environmental influences on indigenous aquatic subsistence in northern Australia. One model focused on the longer term (inter-year to generational) persistence of subsistence at the community scale, the other model on shorter term (day to season) drivers of effort by active individuals. The specification of driver definitions and relationships demonstrates the complexities of even generalized and materialist models of contemporary subsistence practices. The qualitative models were analyzed for emergent properties and for responses to plausible changes in key variables: access, habitat degradation, social security availability, and community dysfunction. Positive human community condition is shown to be critical to the long-term persistence of subsistence, but complex interactions of negative and positive drivers shape subsistence effort expended at the individual scale and within shorter time frames. Such models enable motivations, complexities, and the potential management and policy levers of significance to be identified, defined, causally related, and debated. The models can be used to augment future models of human-natural systems, be tested against case-specific field conditions and/or indigenous perspectives, and aid preliminary assessments of the effects on subsistence of changes in social and environmental conditions, including policy settings.
INTRODUCTION
Fishing and hunting for subsistence 1 continues to be an important activity for indigenous peoples in settler-colonial societies such as Australia. This importance derives not only from the physical sustenance it provides, but also from the role that subsistence activities can play in cultural identity and in creating and sustaining human connections with important places. Indigenous people emphasize subsistence as key to sustaining individual and collective identity, particularly in circumstances in which the retention of formal religious, kinship, and linguistic associations have been heavily affected by colonization processes. Processes of state recognition of indigeneity often incorporate subsistence as a key cultural attribute that requires formal documentation to receive limited forms of recognition and protection. The research literature also reflects this subsistence emphasis, containing rich and diverse accounts of its potential significance (Ingold et al. 1988 , Ingold 2000 , Gombay 2014 ), including accounts from indigenous Australia (Altman 1987 , Bradley 1991 , Povinelli 1992 , Barber 2005 , Bliege Bird and Bird 2008 . The persistence of subsistence into the 21st century appears to have multiple bases.
However, the persistence of subsistence is not normally analyzed through formal models of the key drivers and constraints, or through analyses of the effect of changes in key variables. Generating models of such systems can be useful in: highlighting the assumptions underlying statements about the ongoing significance and distinctiveness of indigenous subsistence; demonstrating how these key drivers and variables interact; revealing emergent properties in the modeled system; suggesting foci and pathways for future research; and enabling the potential effects of changing conditions to be examined.
Such researcher-driven analyses cannot and should not replace accounts generated by and with indigenous peoples based on their own perspectives, but they can play an important role in deepening contemporary understanding. Here, we draw on a range of expertise and information sources to answer the following questions: What are the key drivers and constraints that explain the ongoing persistence of individual and communal indigenous subsistence in northern Australian aquatic social-ecological systems? How is that persistence potentially affected by plausible alterations in key drivers?
In addressing these questions, we are responding to a range of research and policy conditions across international, national, and regional scales. Firstly, at a general level, modeling is an increasingly prevalent tool in bureaucratic decision-making processes, and so understanding how models may be generated and applied with respect to indigenous peoples (who are often the subject of such decisions) is an important issue (Barber and Jackson 2015) . Secondly, there is a tendency in the conceptual modeling of aquatic environments to limit the representation of socioeconomic systems, especially human decision-making (Douglas et al. 2005 , Jardine et al. 2012 , and instead treat humans as a type of boundary condition without reciprocal links to floodplain dynamics, food webs, flow ecology, etc. (Di Baldassarre et al. 2013) . Thirdly, with regard to general categorizations of hunting and fishing effort, the aquatic-focused indigenous activity we characterize is largely undertaken without significant interaction with commercial markets for the proceeds (Gorman et al. 2008 ), yet government policies and assessments clearly differentiate it from standard definitions of recreational activity (Henry and Lyle 2003) .
Despite this differentiation, the underlying drivers of indigenous effort in aquatic systems (and therefore their articulation with wider recreational and commercial drivers) remain underspecified. Also, the majority of international studies of indigenous subsistence focus on indigenous communities in developing countries without the social welfare safety nets that exist in Australia, which alter key dynamics (Rowcliffe et al. 2005 , Rist et al. 2008 , Parry et al. 2009 ). The extended history of studies of indigenous Australian hunter-gatherers provides an important enabler of the current study (Thomson 1949 , Meehan 1982 , Altman 1987 , Povinelli 1992 , Barber 2005 , Bliege Bird and Bird 2008 , but also highlights the need to conceptualize how the ongoing persistence of subsistence activity is situated within a wider suite of activities characteristic of contemporary indigenous lives (Altman 1987 , Povinelli 1992 , Rose 2000 , Toussaint 2014 ).
Lastly, northern Australia is a region where indigenous people compose approximately one-quarter of the population (Carson et al. 2009 ) and hold title to one-third of the land mass (Altman et al. 2009) , and where there is considerable potential for increased water and other natural resource development. A key issue for natural resource planning in such contexts is how the environmental, socioeconomic, policy, and legal changes associated with development (particularly water development) could potentially affect indigenous subsistence activity Altman 2009, Jackson et al. 2012a) . Models that can represent the dynamic interactions between people and the environment will assist in meeting this need for integrated assessments (Stoeckl et al. 2013 ).
The models of indigenous subsistence presented here draw on diverse information sources and combine observations and insights from our research activities undertaken in a range of field contexts across northern Australia since the year 2000. For this reason, they are necessarily and intentionally generalized; rather than attempting to produce a definitive account of a particular case study, our modeling team identified general features of the underlying context for and drivers of contemporary indigenous subsistence behavior that had been observed consistently across time and space. The data sources underlying the models therefore include: our previous research that focused directly on subsistence; formal observations made and statements recorded during participatory research focused on broader questions of indigenous natural resource rights and natural resource management; informal observations made during other periods spent living and working in indigenous communities; and the research literature about indigenous Australian subsistence. Further details about the information sources and assumptions underpinning the models are provided below, but the diverse nature of this information was a key determinant of the choice of modeling approach.
The modeling approach selected for this work is based on a qualitative description and analysis of complex social and ecological systems in which variables, relationships, and processes are well known but difficult to measure (Puccia and Levins 1985) . This qualitative modeling approach has been adopted previously to assess multiple factors affecting subsistence activity in a crosscultural context . The current case is also cross-cultural, but additionally involves a minority indigenous population surrounded by a dominant colonial society. This modeling exercise aimed to describe the environmental and cultural processes that drive and regulate systems of aquatic subsistence, understand the general dynamics of these systems, and predict how the systems might respond to potential perturbation or intervention scenarios.
We next describe: the methods undertaken, qualitative modeling techniques, the expertise of the modeling participants, the data sets used, the adoption of a materialist perspective in specifying causal relations, and the iterative process of constructing models. We then present the results, including tables that specify details of models, descriptions of the models' emergent properties, and qualitative predictions of perturbation responses. Finally, we analyze the implications of the modeling exercise.
METHODS

Qualitative modeling
Qualitative methods for the analysis of complex systems have been developed in a diverse array of disciplines, including economics (Samuelson 1947 , Quirk and Ruppert 1965 , Hale et al. 1999 , system dynamics (Coyle 2000) , structural modeling (Roberts 1971) , ecology (Levins 1974) , and artificial intelligence (Kuipers 1994, Salles and Bredeweg 2006) . Some emphasize a matrix approach, whereby the sign (+, −, 0) of relationships between variables are detailed in an interaction or Jacobian matrix, which is then analyzed algebraically for questions of sign solvability (Samuelson 1947 , Quirk and Ruppert 1965 , Hale et al. 1999 . Another approach emphasizes a graphical analysis, whereby the topology of an interaction network is assessed to understand the causal influence of interaction pathways, branches, and feedback cycles to a system's dynamics (Roberts 1971 , Levins 1974 , Coyle 2000 . Both of these approaches are based on the same mathematical foundations and can be seen to yield equivalent results (Puccia and Levins 1985 , Dambacher et al. 2002 , 2003b . A third approach is based on qualitative simulations of a set of ordinary differential equations. This technique relies on the mapping of transitions between critical thresholds in the functional relationships between variables, which is then used to predict the possible dynamics and states of a system (Kuipers 1994, Salles and Bredeweg 2006) .
Here, we apply the technique of qualitative modeling (also called loop analysis or qualitative mathematical modeling; Levins 1974 , Puccia and Levins 1985 , Levins 1998 ) as a means to understand the general dynamics of socioeconomic and ecological systems when variables and rates of interactions between variables cannot be measured precisely or otherwise determined. Qualitative modeling proceeds through the construction and analysis of signed directed graphs, or signed digraphs. System variables (graph nodes) are connected by links (graph vertices) that represent the sign (+, −, 0) of a variable's action or effect that directly increases or decreases the relative level or amount of another variable. Links that represent a positive effect end in an arrow, whereas those that represent a negative effect end in a small circle. Links that directly connect a variable to itself are termed self-effects. A negative self-effect suggests self-regulation such that in the absence of the influence of other variables in the modeled system, the variable tends to settle on a familiar, or equilibrium, level. Based on the structure http://www.ecologyandsociety.org/vol20/iss1/art60/ of a signed digraph model, an analysis of its feedback properties provides insight into a system's expected behavior and dynamics, both in terms of its potential for stability and in predictions of how it can respond to a sustained change or perturbation.
Qualitative stability is based on the well-known Routh-Hurwitz criteria, which require that (1) the system is not dominated by positive feedback, and (2) there is a balance between feedback cycles of short and long length (Dambacher et al. 2003b ). Analysis of model stability thus involves identification of the positive and negative feedback cycles that arise from the entire network of interactions. From this, one may describe the feedbacks that drive and regulate the whole system, and under what conditions a system will or will not be stable. Feedback cycles of length equal to one are simply self-effects, whereas those of longer length can involve the product of pairwise links between variables in reciprocal relationships (i.e., of length equal to two) or any number of conjunct links between variables that complete a cyclical path. For example, a simple predator-prey system has a negative feedback cycle of length two, which is a product of the positive and negative links shared between the predator and prey. Alternatively, competition between two variables creates a positive feedback cycle of length two that is potentially destabilizing. Here, the problem of stability reduces to an algebraic inequality that is readily interpretable; stability for this simple competition system requires relatively strong selfregulation such that the product of the two competitors' selfeffects are greater than the product of the pairwise competition links (Dambacher et al. 2003b ).
While the question of model stability is concerned with whether a system can recover from a short-term shock to one of its variables, additionally, one can predict the direction of change (increase +, decrease −, no change 0) in variables due to a sustained input (e.g., intervention or perturbation) to the system (Puccia and Levins 1985, Dambacher et al. 2002) . This analysis considers the sign of all of the direct and indirect pathways, or effects that lead from the input variable to the response variable. A response prediction that is composed of effects that are all of the same sign will have complete sign determinacy, but when there is a mixture of positive and negative effects, the response is ambiguous.
One approach to resolving ambiguous predictions is to consider the ratio or weight of the net number of positive and negative effects to the total number of effects, which formally defines a prediction weight (Dambacher et al. 2002) . In calculating prediction weights, negative and positive effects cancel in calculation of the net number of effects (e.g., a ratio of three positive to one negative effect corresponds to a net of two positive effects; dividing this by the total of four effects gives a prediction weight of 0.5 for a positive response). A probabilistic interpretation of sign determinacy for qualitative response predictions has been developed through simulation studies using random parameter space allocated to an array of signed digraph models (Dambacher et al. 2003a , Hosack et al. 2008 . For instance, a response prediction with a prediction weight of 0.5 has been generally found to have > 90% probability of sign determinacy. Here, we distinguish ambiguous response predictions with a relatively high degree of sign determinacy with a cut-off of ≥ 0.85%. By considering only the sign of interactions, qualitative models readily permit the depiction of variables from different types of systems (or disciplines) such that physical, biological, and ecological variables can be included alongside social, cultural, and economic variables. Building such models, however, requires consideration of whether the model variables and interactions are scaled commensurately to each other. The primary spatial scale considered here is that of a geographically discrete regional or remote Australian indigenous community, but influential nodes (e.g., income, distribution) must necessarily incorporate scales beyond the immediate geographical context. Thus, we modeled the system at both a relatively long (multiyear to one generation) time scale and a shorter day-to-season time scale associated with the subset of the community that most actively participates in subsistence hunting and gathering practices.
Data sets and observations
The modeling team included an anthropologist, a geographer, an aquatic ecologist, and a modeler, and as noted above, the syntheses were based on observations derived from a range of sources. Two key data sets (and the research processes undertaken to generate them) were particularly significant. One data set was a 12-month participatory resource use survey undertaken by one author in coastal Arnhem Land in the Northern Territory, which was augmented by additional observations made over a subsequent 6-month period (Barber 2004 (Barber , 2005 (Barber , 2010 . The second data set was a multiyear survey of aquatic subsistence in indigenous communities in two major Australian river catchments, the Daly River in the Northern Territory and the Fitzroy River in Western Australia, undertaken by the Commonwealth Scientific and Industrial Research Organisation (CSIRO; Jackson et al. 2012a Jackson et al. , 2014 . This survey was supported by an additional two years of data collected by an indigenous organization from the Mitchell River in North Queensland Jackson 2012, Jackson et al. 2014) . These primary data sets were augmented by significant observations and experiences regarding indigenous subsistence derived from multiple applied ethnographic investigations of indigenous water values, rights, and interests as they relate to water development and water planning (Cooper and Jackson 2008 , Barber and Jackson 2011a ,b,c, Maclean et al. 2012 , Barber 2013 and to additional studies of knowledge associated with land and natural resource use (Barber 2011 , Barber and Jackson 2012 . In constructing the final qualitative models, observations derived from our research projects were augmented by sources in the published literature. In particular, these included: studies of indigenous subsistence (McCarthy and McArthur 1960 , Meehan 1982 , Altman 1987 , Povinelli 1992 , Bliege Bird and Bird 2008 ; literature on the wider social significance of riparian environments and aquatic resources to indigenous communities (Merlan 1982 , 1987 , Morphy 1984 , Sullivan 1998 , Strang 2001 , Toussaint et al. 2005 , Morphy and Morphy 2006 , Toussaint 2014 ; and general references about indigenous social interactions with the landscape (Williams 1986 , Rose 1996 , Strang 1997 , Bradley 2010 . Synthesizing across geographical environments and across a variety of data sources required a level of expert inference and opinion, as well as a range of assumptions.
Causal assumptions
Although based on knowledge gained from working with indigenous communities, the qualitative models described here Ecology and Society 20(1): 60 http://www.ecologyandsociety.org/vol20/iss1/art60/ do not include direct input from indigenous resource users, nor were they validated with indigenous people. This was partly because of decisions about what kind of causation would be included, but also because they were intended primarily as general, rather than case-study specific representations. However, the ethnographic, subsistence, and seasonal research conducted over the previous 15 years that informed these qualitative expertdriven models was collected with the consent and active participation of indigenous individuals and groups.
Consistent with the decision regarding indigenous validation, the qualitative model reflects a materialist perspective common to Western scientific frameworks, rather than attempting to represent complete indigenous understandings of all the factors affecting or driving subsistence activity. These two perspectives overlap considerably, but there are some important differences, notably with respect to the role played by spirits, creators, and other metaphysical powers in the landscape. Considerable research exists that emphasizes how hunter-gatherers understand themselves and their surroundings in sometimes quite different ways from perspectives characteristic of the materialist natural sciences (Rose 1996 , Strang 1997 , Ingold 2000 , Bradley 2010 ). In the qualitative models represented here, metaphysical powers are considered only in terms of the effect the belief in their existence has on human behavior, rather than such powers being included as causal agents in and of themselves (an inclusion that would be consistent with indigenous perspectives).
Qualitative model development
The development of qualitative models followed a three-step process conducted between 2011 and 2013. First, participants identified the problem to be addressed, the scope of the analysis, and the appropriate modeling approach to adopt. Second, a threeday workshop of semi-structured discussions iteratively developed draft generic qualitative models of indigenous subsistence systems. Third, refinement and revision of draft models and further investigation of the literature was undertaken during the writing and review process for this paper. This iterative process enabled the meaningfulness of assumptions to be critically reviewed, the appropriateness of nodes and links to be debated and refined, additional information and supporting literature to be sought, and modifications to be made based on further thought, additional evidence, and critical review.
The modeling process focused on developing two qualitative models of catch and effort. The first, model A, emphasized the broad positive drivers and dynamics of community-level subsistence that support the long-term persistence of the activity across time scales from one year to one generation. The second, model B, focused on the circumstances and motivations of catch and effort by high-activity individuals on the shorter time frame of one day to one season. The two qualitative models and the node and link definitions that underpin them are presented in Results.
Perturbation and intervention
Following preliminary system analysis, the possible response of the modeled system to scenarios involving potential perturbations and interventions was examined. Model B was prioritized in this process, both because drivers at this scale underlay the longer term patterns depicted in model A, and because the more complex relationships depicted in model B provided a greater basis for examining multiple effects of the altered state of key drivers. Four separate perturbation scenarios were developed that consider: (1) an increase in community dysfunction (scenario B4), (2) degradation of floodplain habitat (scenario B24), (3) a decrease in social security payments (scenario B9), and (4) an increase in access (scenario B13). The plausibility of these scenarios are analyzed further in the Discussion.
RESULTS
Model A: long-term aquatic subsistence effort at the community scale Model A represents the community-scale determinants of the persistence of indigenous subsistence activity through time, emphasizing positive interactions between compound nodes (Tables 1 and 2 ). The individual nodes and links are described in Tables 1 and 2 , but some preliminary comments about node identification and key assumptions are warranted.
1.
A complex compound index called community well-being (A4) is used to describe individual and collective physical and mental health. Well-being is a favored term in a range of contexts, including indigenous contexts, because of its wider connotations beyond biomedical measures or determinants of physical health ).
2.
It is assumed that hunting effort (A5) has a positive effect on well-being (A4), regardless of the outcome. This reflects commonly heard indigenous understandings of how being out "on country" makes people "feel good" (Povinelli 1992 , Rose 1996 , Barber 2005 , Bradley 2010 ) and that a level of physical exertion may be involved ).
Although this assumption appears robust where welfare dependence, substance abuse, and inactivity are significant issues, the effect of subsistence effort may be more ambiguous (e.g., school absences, missed medical appointments, poorly attended community meetings). The question of whether a specific instance of effort is individually or collectively beneficial is a matter of judgement and circumstance, but here the collective effect is assumed to be positive.
3.
It is assumed that hunting and fishing does not have a significant ecological effect in terms of depleting the population of food resources (A1) in such a way that catch or any other biophysical variable is affected. Localized pressure on finite large-bodied target species may be evident (Close et al. 2014 ), but North Australian tropical river systems have high river health ratings (Pusey 2011b) , few dams and other regulatory structures, and large seasonal flood cycles. These all facilitate connectivity and migration, which permits repopulation of floodplain and channel habitats, mitigating the local effect of indigenous subsistence activities.
4.
Available time is not a constraint on the level of effort. This assumes that, averaged across longer time frames at the community level, there is sufficient available "free time" to sustain subsistence activity commensurate with the state of other drivers of effort. This assumption is based on the relatively low levels of formal employment and correspondingly relatively high levels of unallocated time available across contemporary indigenous communities. (Meehan 1982 , Altman 1987 , Povinelli 1992 , Walsh 2008 , Pusey 2011b , Jackson et al. 2012a . Seasonality (Baker 1999 , Clarke 2009 , Prober et al. 2011 , Woodward et al. 2012 ) and nutritional preferences (Rae et al. 1982 , O'Dea et al. 1991 , Miller et al. 1993 , Rouja et al. 2003 are both relevant to prioritizing food resource selection. 2 Catch The results of successful effort, i.e., the food resources caught/gathered/taken by fishers, hunters, and gatherers (Altman 1987 , Povinelli 1992 , Barber 2004 , Jackson et al. 2012a ). 3
Distribution of catch Incorporates personal consumption and sharing with kin and/or co-residents, including symbolic sharing associated with ritual events and prohibitions (Altman 1987 , Peterson 1993 , Barber 2005 ). 4
Community well-being Compound term encompassing mental, physical, social, and cultural health (Zubrick et al. 2004 , Carson et al. 2007 , Dockery 2010 , Biddle and Swee 2012 . 5 Effort Motivation, time, energy, and resources expended by the residential population to obtain food resources (McCarthy and McArthur 1960 , Meehan 1982 , Altman 1987 , Walsh 2008 , Codding et al. 2011 . Sufficient habitat and available technology are assumed. 6
Income Incorporates time-consuming income-generating activity as well as time-independent income such as welfare and industry royalty payments (Daly and Hawke 1993) . These are depicted as having similar functional effects: negative for effort, by enabling commercial food purchases (Smith and Smith 1999 , Saethre 2005 , Scelza et al. 2014 ; and/or positive for access, by enabling the purchasing and maintenance of technology. Unpaid work (such as ceremonial activity) may have complex effects on access and effort but are not incorporated in this node (see node 10). 7 Access Access is shaped by a range of variables. A key variable is the availability of technology (cars, boats, guns, fishing gear) that increases range and hunting effectiveness (Altman 1983 , Altman 1987 , Barber 2004 , Altman and Hinkson 2007 , Walker 2010 . The potential positive effect on motivation (effort) of these items is counteracted by the time expended in making money to purchase them, so no direct link to effort is included in this model. Physical constraints on access can include seasonal environmental barriers such as flooded rivers (Barber 2005) or high daytime temperatures (Ulijaszek 2001) . Cultural restrictions can limit access (Biernoff 1978 , Morphy 2004 , and institutional arrangements such as the recognition of land tenure can also facilitate or hinder access (Williams 1986 , Strang 1997 , Holmes 2010 , Barber and Jackson 2011a , Barber 2013 ). 8
Healthy country Perceptions of the state of indigenous estates, or "country", which are directly affected by the state of natural habitats (Pusey 2011a,b) , the general well-being of indigenous communities , Garnett et al. 2009 , Biddle and Swee 2012 , the appropriate conduct of those present on the country (Biernoff 1978 , Baker 1999 , Putnis et al. 2007 , and assessments of metaphysical (spiritual and ancestral) health (Rose 1996 , Strang 1997 , Bradley 2001 . 9
Habitat Key areas/environments that generate food and other natural resources obtained during subsistence activity (Keen 2003 , Barber 2005 , Pusey 2011b , Chase and Sutton 1981 . 10
Looking after country Human actions that materially affect the physical health of the landscape and/or alter human perceptions of landscape health (Williams and Hunn 1982 , Strang 1997 , Baker et al. 2001 , Johnston et al. 2007 , Morrison 2007 , Walsh 2008 , Laudine 2009 , Altman and Kerins 2012 A. Griffiths, unpublished manuscript presented at the Third International Wildlife Management Congress, University of Christchurch, Christchurch, New Zealand). This incorporates: contemporary natural resource management activities (Phelan 2003 , Walker 2010 , Stacey et al. 2013 ; customary activities with material effects such as burning regimes and water diversions (Altman 1983 , Rose 1995 , Russell-Smith et al. 1997 , Horstman and Wightman 2001 , Laudine 2009 , Gammage 2011 , Barber and Jackson 2012 ; and customary activities that are influential on perceptions of health but without evident material effects such as conducting ceremonies and communicating with ancestral powers (Biernoff 1978 , Keen 1994 , Morphy 1995 , Rose 2000 . 11
External support Support for natural resource management activities from agencies and institutions (Baker et al. 2001 , Garnett et al. 2009 , Altman and Kerins 2012 , Hill et al. 2013 ).
Model B: drivers and constraints on aquatic subsistence effort by active indigenous hunters and fishers Model B represents the drivers and constraints acting on individual hunters and fishers with high levels of subsistence activity, and the dynamics of time and effort expended by them. This qualitative model makes similar assumptions to model A, but with some variations in how the assumptions are expressed (Tables 3 and 4) . Subsistence activity is again presumed to have minimal ecological effect on the target species, but catch does affect a new node, motivation (B7). Subsistence effort (B2) is also assumed to be beneficial regardless of its success, but to identify more effectively an alternative pathway for subsistence motivation, a node called community dysfunction (B4) is introduced. In relatively healthy individuals with high levels of subsistence activity, it has been observed that community dysfunction can lead to a mental state (frustration, B5), and that one response to this frustration is to go hunting and fishing. The effort (B2) expended has a direct negative effect on both frustration and dysfunction (B4 and B5). However this element of model B is effectively capturing a short-term dynamic that is subsumed within the broader long-term dynamics of model A, which clearly indicate that the persistence of subsistence emerges
Ecology and Society 20(1): 60 http://www.ecologyandsociety.org/vol20/iss1/art60/ from a positive community condition, or well-being. For this reason, two key additions are specified in model B. The first is a link between effort (B2) and sentiment/connection/knowledge (B22), which provides a positive pathway linking subsistence activity to motivation in a manner consistent with the dynamics of model A. This reflects field observations of effort, which increases attachment to the locations for that effort and in turn provides additional motivation. The second is a condition related to the definition of frustration (B5), which notes that although not directly depicted with a link focused on subsistence motivation, frustration can also lead to a range of nonsubsistencerelated activities, which in turn limit available time. In this way, responses to community dysfunction can also include actions that will divert and/or decrease levels of subsistence.
SYSTEM FEEDBACKS AND DYNAMICS
The qualitative models were analyzed to identify positive and negative feedback cycles contributing to system dynamics and regulation. Some model variables act only as independent factors or system drivers, whereas others, denoted by asterisks in Figs. 1 and 2, are involved in system feedback cycles. Each variable is assumed to have some degree of self-regulation (i.e., negative selfeffect), whereby its level or intensity is determined in part by features or processes that are intrinsic to the variable itself. For example, the distribution of catch (A3) is controlled not only by the amount of available catch, but also by social norms and customs that dictate the degree to which catch is shared within a distributional network ( Tables 1 and 2 for descriptions of model nodes and links. Asterisks denote model nodes that contribute to system feedback cycles.
Positive feedback cycles in model A
Model A has only positive feedbacks for cycles of length two or greater, so for this model to achieve a state of equilibrium generally requires the variables to be strongly self-regulated. A central feature is that community well-being is involved in all feedback cycles, and all feedback cycles of length two or greater Ecology and Society 20(1): 60 http://www.ecologyandsociety.org/vol20/iss1/art60/ (Toussaint 2014) and/or for particular biological states of that species, i.e., young, fat, large, (Rouja et al. 2003) . Species may be desirable yearround, but desirability can also be highly seasonal (Woodward et al. 2012 Nonindigenous barriers Barriers generated by past colonization and contemporary nonindigenous tenure regimes (Williams 1986 , Rose 1996 , Baker 1999 , Barber 2010 and by less formal influences with similar effects (e.g., voluntary avoidance of areas heavily frequented by nonindigenous people; Barber and Jackson 2011b).
19
Noncustomary religious obligations Religious services and associated activities (Loos 2007 , Magowan 2007 . Usually Christian, these often take place on weekends, which is an otherwise important time for subsistence activity. 20 Domestic responsibilities Paid domestic help is extremely rare in indigenous Australia, resulting in domestic work limiting time available for other activities. The node includes attending to health and family issues, both of the hunter and their dependants. 21
Social and recreational activity Any activity that diverts time and energy from hunting, e.g., television, sports, games, gambling, music, recreational drug use, etc. 22 Sentiment, connection, and knowledge Personal attitudes, abilities, emotions, and familiarities with respect to the surrounding country that increase subsistence motivation (Rose 1996 , Barber 2005 ). 23
Species availability Incorporates distribution, abundance, and the ability to be caught (Meehan 1982 , Altman 1987 , Bliege Bird and Bird 2008 . Availability can be heavily influenced by season (Clarke 2009 , Prober et al. 2011 , Woodward et al. 2012 ). 24
Habitat The areas or environments in which target species live (Yingguny Lindsay et al. 2001 , Roberts et al. 2011 . The influences of nonindigenous people and activities on biophysical systems are not included in this model, but may be highly significant factors for both habitat and species availability. http://www.ecologyandsociety.org/vol20/iss1/art60/ (Barber 2004 ; assumes that satiation from existing catch is only temporary due to limited shelf-life of goods, wide distribution, and/or rapid consumption 4 5 + Community dysfunction influences frustration 5 7 + Frustration influences motivation, as active hunters relieve frustration with community life by escaping to undertake subsistence (Barber 2005 , Walker 2010 ). Such frustration manifests itself in a range of other ways (Purdie et al. 2010) , including through social and recreational activity and regional mobility. However, the focus of this model of the subsistence drivers on healthy, active hunters means that these effects (which may be substantial) are assumed rather than actively depicted. This link should also be understood as a driver of limited duration; model A demonstrates the importance of a level of community well-being for the maintenance of long- are composed of positive links; hence, all variables will react uniformly to a perturbation (i.e., all increasing or decreasing together). The resulting equilibrium dynamics are that all variables act mutually to reinforce either of two alternative states Ramos-Jiliberto 2007, Marzloff et al. 2011) : an elevated state, with high levels of community well-being, high hunting participation rates, high rates of management of country, etc.; or a degraded state, with low levels of community well-being, etc. The following are the positive feedback cycles in model A. Tables 3 and 4 for descriptions of model nodes and links. Asterisks denote model nodes that contribute to system feedback cycles.
Negative and positive feedback cycles in model B
Model B has both negative and positive feedback cycles. Stability in this system requires that the strength of the two positive feedback cycles is less than the combined strength of the four negative feedback cycles. Reflecting the orientation of the study, effort (A2) is involved in all feedback cycles, both positive and negative. Of the negative feedback cycles, time (A1) is combined with effort (A2) to create the shortest cycle of length two, whereas frustration (A5) is involved with each of the longer cycles. This model has effort (A2) driving catch (A3) as well as sentiment, connection, and knowledge (A22), which leads to increased motivation (A7) and further effort (A2). This self-enhancing dynamic is held in check by the general limitation of time from competing activities or responsibilities (A6, A19-21), but also by stimulus-response feedback that involves dissipation of frustration (A5) at both personal (i.e., second negative feedback cycle) and community levels (i.e., third and fourth negative feedback cycles).
The following are the negative feedback cycles in model B.
Effort (B2) -time (B1)
Effort (B2) -frustration (B5) -motivation (B7)
The following are the positive feedback cycles in model B.
Effort (B2) -catch (B3) -motivation (B7)
2. Effort (B2) -sentiment, connection, knowledge (B22) -motivation (B7) Table 5 contains the results of the perturbation analyses. For the perturbation involving an increase in community dysfunction (B4), there is a predicted decrease in available time for subsistence activities (B1) and an increase in effort (B2), catch (B3), motivation (B7), and sentiment connection and knowledge (B22). The predicted levels of community dysfunction (B4) and frustration (B5), however, are highly ambiguous and could be either at a higher or lower level compared to pre-perturbation levels. Degradation of floodplain habitats (B24) is predicted to cause a decrease in levels of catch (B3) and an increase in levels of community dysfunction (B4) and frustration (B5), whereas the predicted responses of the other variables are ambiguous. Similarly, a decrease in social security payments (B9) is also predicted to increase community dysfunction (B4) and frustration (B5), but generates a decrease in effort (B2), catch (B3), and sentiment/connection/knowledge (B22). Finally, an increase in Table 5 . Predictions of qualitative response of select variables in model B to four perturbation scenarios. Predicted responses in terms of direction of change (+, increase; −, decrease) in model variables; ambiguous predictions with a relatively high probability of sign determinacy (≥ 0.85) are enclosed in parentheses; and "?" denotes predictions with low probability. access (B13) is predicted to increase effort (B2), catch (B3), and sentiment/connection/knowledge (B22), and decrease levels of available time (B1), community dysfunction (B4) and frustration (B5).
INTERVENTION AND PERTURBATION ANALYSIS
DISCUSSION
Australian indigenous subsistence systems have been of interest to scholars and researchers for many decades, resulting in a rich and diverse literature, particularly in the northern half of the continent. However, formal models of the influencing conditions and drivers of that activity remain rare. Such models enable the complexity and significance of subsistence activities to be represented and for key drivers and systemic properties to be identified, defined, causally related, and debated. The qualitative models generated here are preliminary, but they are useful for multiple reasons: they formally demarcate primary nodes and links; they identify key relationships (which in some cases are relatively under-researched and under-documented); they allow analysis of systemic and emergent qualities of the models as constructed; and they allow preliminary evaluations of responses to selected perturbations. Future extensions to such work may compare the degree of fit between the qualitative models and particular geographic case studies and/or between the models and the perspectives of indigenous subsistence hunters themselves.
The decision to model both the longer term persistence of subsistence at a community level (model A) and the drivers of activity undertaken by active individual hunters on shorter time frames (model B) was an important step in generating different perspectives regarding subsistence. However, it also raises key issues for subsequent analysis, most notably the potential complementarities and contradictions in the relationship between the two models operating at different time scales (Ertsen et al. 2014 ). Both models are generated by the same team using the same information sources, and thus, are generally consistent with one another in many key respects. Nevertheless, one model emphasizes the importance of community well-being (A4) as a foundation for ongoing subsistence activity, whereas the other characterizes at least some hunting and fishing by key individuals as arising out of frustration with community dysfunction (B4). The pathways to motivation depicted in model B are more complex than just this one negative avenue, with the most important counterbalance being the positive pathway depicting effort (B2) influencing sentiment/connection/knowledge (B22) and thereby motivation (B7). Nor are positive and negative drivers mutually exclusive: a particular instance of effort can be driven by sentiment about a hunting locality (or an activity at a range of localities) as well as a level of frustration with community life. In presenting model B as constructed, we do not argue that the dysfunction-frustration pathway is the primary motivator of subsistence effort, but we do assert that it is observationally significant enough to be represented in a model depicting the drivers of subsistence by individual hunters. This kind of motivation has also been publicly identified by indigenous people themselves; for example, an international film co-produced and scripted by people from a remote area of northern Australia depicts a key protagonist electing to go hunting as a response to domestic strife (de Heer and Djigirr 2006) . However, as model A clearly indicates, dysfunction does not seem plausible as a primary driver for the persistence of communitywide subsistence over longer time frames. What this highlights is the need for further work that conceptualizes and interrogates effort and motivation at the interfaces between positive and negative assessments of community condition, between community and individual scales, and over longer and shorter time frames. Effort may be driven by community dysfunction and may in turn play a role in mitigating the subsequent effects of that dysfunction, but this empirically observable phenomenon is insufficient to account for the complexity and persistence of contemporary indigenous subsistence. That significant national and international attention is being paid to levels of community dysfunction in remote indigenous Australian contexts and how it can be minimized, including through investments in environmental programs and action Jackson 2011c, Altman and Kerins 2012) , further emphasizes the need to understand its potentially complex relationships with subsistence activity.
The emergent system feedbacks and dynamics identified in the models provide an additional level of potential analysis. The positive feedbacks in model A that encourage one of two alternate states highlight key interdependencies that are consistent with indigenous perspectives; community well-being (A4) cannot be maintained unless: the country itself is healthy (A8); appropriate people are looking after it (A10) through practices that encompass subsistence effort (A5); and the results of such productive labor are appropriately distributed (A3). From such a perspective, indigenous desires for holistic and community-driven social and environmental management programs are clearly comprehensible. Conversely, so is the difficulty of shifting from a state of entrenched disadvantage without simultaneously addressing multiple factors, including rights to access, use, manage, and distribute natural resources. http://www.ecologyandsociety.org/vol20/iss1/art60/
The system dynamics of model B are more complex and more ambiguous, reflecting the multiple influences on subsistence effort by key individuals. Sentiment and connection toward landscapes (B22) combines with the prospect of successful returns (B3) to create consistent positive feedback affecting effort (B2). The primary negative feedback with respect to effort (B2) is available time (B1). The other longer feedbacks, which emerge as negative in terms of model dynamics, actually reflect the suppression of negatively defined variables that affect motivation (B7) and subsequently, effort (B2), frustration (B5), and community dysfunction (B4). This indicates how these negatively defined variables are present and can account for particular instances of effort (B2), but cannot of themselves provide a sufficient basis for ongoing subsistence activity over longer time frames. Undertaking effort (B2) suppresses these negative drivers of subsequent effort, whereas it strengthens the primary positive cycle associated with sentiment, knowledge, and connection (B22). In this way, the dynamics of the model reflect the complex influences on individual motivation and suggest how they relate to broader community-scale patterns.
Although the qualitative models depicted here are deliberately conceptual and general, the choice of perturbations (Table 5) applied to model B do reflect current trends and relevant priorities. Demographically, the number of young indigenous people residing in areas with very limited employment prospects is growing rapidly, creating challenges for social and communal cohesion. In model B, an increasing level of community dysfunction (B4) can drive effort, motivation, etc., of active adult hunters, but this limited effect must be set against the wider context presented in model A, which makes it clear that increasing dysfunction (i.e., declining well-being) is not a plausible sustainable long-term driver of community subsistence. Further work in characterizing this set of relationships is clearly required.
Concerns with dysfunction and demographics underlie a second perturbation scenario of reductions in social security payments (Table 5) . Changing political attitudes to social welfare and the economic pressures associated with an ageing population may plausibly lead to a broad reduction in social support across Australian society generally, and in indigenous communities in particular. In model B, the effects on subsistence of such a change are ambiguous, but decreases in effort levels and increases in dysfunction are one potential consequence. This suggests that, should social security support (B9) decrease, subsistence effort (B2) by key individuals may come under pressure despite the increased demand for foods obtainable without a direct cash transfer. Food pricing and food security are significant issues in regional and remote Australia: 45% of indigenous people in the Northern Territory reported running out of food in the previous 12 months, compared with a national average of 5% (Australian Health Ministers' Advisory Council 2008). State recognition of the value of subsistence can also support alternative social security outcomes; in James Bay, Canada, for example, state income support is provided for productive subsistence hunters and trappers who do not earn adequate cash income (Ferguson 2011) . In model B, the ambiguous effect on subsistence of reduced social security suggests that the relationship between such payments and subsistence in hybrid economies (Altman 2009) is complex, and therefore, that responses to alterations in social security support may be equally complex.
The scenario that suggests habitat (B24) degradation as having potentially deleterious effects on motivation (B7) and effort (B2) is consistent with our expectations and highlights two areas of policy significance. One area is land and wider catchment management, and indigenous peoples' roles in those processes (Altman and Kerins 2012). The second area is the importance of water planning and allocation at a time when both water developments and climatic changes may result in significant changes in the volume and/or timing of water flows through north Australian river systems. The predicted responses to the degradation of habitat suggests that ongoing subsistence, and the indigenous identities it helps to sustain, requires effective management of land, riparian corridors, and water flows (Jackson 2011 , Jackson and Barber 2013 , Liedloff et al. 2013 ).
Lastly, the scenario of increasing access (B13) reflects real developments in indigenous access to and ownership of land over recent decades in northern Australia (Holmes 2010) . Various processes have increased access opportunities for indigenous people: grants under traditional land rights processes, purchases of land by statutory and other development funds for subsequent transfer to indigenous people, private purchases, and specific rights of access for subsistence purposes to land owned by others. From this perspective, the trend for increasing formal access by indigenous people seems likely to continue, and the perturbation suggests that this alone will positively influence effort (B2), with some potential implications for population and catch (B3) levels . However, the effects on effort (B2) may be more ambiguous if increasing access (B13) is combined with other changes such as lower incomes (B10) or decreases in available time (B1).
These perturbation scenarios are conceptualized as changes in one location through time, as evaluations of temporal variation. With respect to geographic variation, the constituents of the qualitative models outlined here are sufficiently general to be applicable for testing in other nonmarket resource use contexts, including nonindigenous ones. However, we would note one crucial qualification to that potential highlighted by other recent projects focused on modeling indigenous Australian fishing in the Torres Strait (Busilacchi et al. 2013 , van Putten et al. 2013 . The qualitative models depicted here assume no significant commercial market in the subsistence target species, whereas van Putten et al. (2013) describe a mixed commercial, recreational, and subsistence indigenous lobster fishery that is heavily influenced by the associated commercial lobster market; the resulting model contains pronounced economic drivers such as price and infrastructure. A second study from the Torres Strait (Busilacchi et al. 2013 ) provides significant data linking wider fishing effort on three islands to income from both public (a state employment program) and private (commercial fishery and private employment) sources. In both studies, the link between subsistence and the wider socioeconomic context is emphasized, and the presence of commercial markets plays a substantial role in the observed activity.
The presence of commercial effort is important for model applicability not just because of its direct interaction with subsistence effort, but also because it directly affects the existing assumption that indigenous effort has a negligible ecological effect at the catchment scale. One effect of this assumption is that Ecology and Society 20(1): 60 http://www.ecologyandsociety.org/vol20/iss1/art60/ the ecological and social subsystems are not so strongly interlinked, but in a more highly populated region where commercial markets were driving higher levels of resource extraction, the models would need to show these feedbacks more clearly. The recent modeling of self-management behavior among abalone fishers in southern Australia (Gilmour et al. 2013 ) is an important example in this respect, showing how known biological constraints can alter human fishing behavior in complex ways. In the current qualitative models, the main way in which indigenous people affect the health of the ecological system is through their own land management activities. Framing subsistence activities as socio-cultural rather than predominantly economic phenomena (Wheeler and Thornton 2005) can be a valuable step, but the absence of overt commercial activity and the assumptions about the effects of subsistence effort on natural resources means that the models presented here may require careful modification and refinement before they are applicable to the wide array of conditions in which commercial markets play a significant role.
CONCLUSION
Other recent studies from north Australia (Stoeckl et al. 2013 , Close et al. 2014 ) have shown that in-depth knowledge of the dynamic feedbacks between human and aquatic systems has remained elusive. Conceptual models that effectively internalize processes of decision-making, social power, and economic flows (Birkenholtz 2012) can reveal feedbacks that depict social action, reaction, and adaptation to perturbations such as changes to income or environmental degradation. The significance and complexity of contemporary subsistence depicted in the qualitative models represented here underscore the need for careful attention to local circumstances and local aspirations. Participatory modeling has been shown to be useful in generating inclusive dialog about system components and management interventions (Tidwell et al. 2004 , Jackson et al. 2012b , Barber and Jackson 2015 , as well as in fostering broader and longer term social learning (Hare 2011) . A participatory modeling process that incorporates the views and knowledge of indigenous participants as part of a move from generic to specific representations would be a logical next step.
Such a participatory process may result in new insights, unexpected results, challenges to assumptions, and model reconceptualization, as well as build familiarity and local specificity into the generalized structures. Qualitative modeling obliges participants to reflect on assumptions about cause-andeffect relationships, and the potential challenge of local community participation to the materialist assumptions underpinning the current models has already been noted. Nevertheless, common ground can exist alongside such points of difference, and the results demonstrate the wide array of influences on aquatic resource use, even at the coarsest and most generic levels of specification. The models graphically represent the wider socio-cultural and economic context for indigenous Australian aquatic resource use, enabling further analysis of key relationships, key geographic contexts, and future scenarios regarding the persistence of subsistence. Footnote 1. No one term is entirely appropriate, but we emphasize the phrase "aquatic subsistence" to encompass a range of waterdependent practices, including fishing, hunting freshwater turtles and aquatic birds, gathering aquatic or riverine plants for sustenance or medicinal purposes, collecting materials for traditional arts and crafts, etc. The primary focus of aquatic activity is usually food provision, but not always. The models may be generalizable to subsistence activity in other landscapes, but aquatic resources are the primary focus here.
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